The role of Ese-2, an Ets family transcription factor, in gene regulation is not known. In this study, the interaction between Ese-2 and cytokeratin 18 (K18) intron 1 was characterized in lung epithelial cells. Reporter gene assays showed Ese-2 was able to upregulate K18 intron 1 enhanced reporter gene expression by approximately 2-fold. We found that full length Ese-2 did not bind DNA strongly, therefore truncated versions of the protein, containing the ETS domain or Pointed domain, were created and tested in electrophoresis mobility shift assays. Multiple interactions between the ETS domain and putative DNA binding sites within K18 intron 1 were observed, which led to the determination of a possible Ese-2 DNA binding consensus sequence. These experiments suggest that Ese-2 could play a role in the regulation of K18 expression in lung epithelial cells.
INTRODUCTION
V-ets, the first member of the Ets (E26 transformation-specific) transcription factor family, was discovered in 1984 in the avian virus E26 [1] . Since then, more than 30 Ets family members have been identified [2, 3] . These proteins are expressed mainly in hematopoietic cells [4, 5] , however some are also expressed in epithelial cells [6] [7] [8] [9] [10] [11] . Ets factors are known to play roles in skeletal development, haematopoiesis, neural synapse formation, immunomodulation, metastasis, cellular proliferation and differentiation, and apoptosis [12] [13] [14] . Some members of this family have also been implicated in tumorigenesis [15] [16] [17] [18] .
Ets factors contain a conserved ETS DNA-binding (ETS) domain of 85 amino acids, which recognizes a core sequence of 5'-GGA(A/T)-3' in the ETS binding site (EBS) of target gene(s) [16] [17] [18] [19] [20] . Additional characteristics, such as the MAPK sites within PEA3 [21] , the phosphorylation site within Ets-1 [22] , or the Pointed (PNT) domain (a protein-binding domain) in Ets-1 [23] , aid in target gene recognition and/or protein-protein interactions.
Recently, Ese-2, a member of the ESE subfamily of Ets factors, has been recognized as an asthma candidate gene [24] , and its expression is correlated with that of the gene encoding maspin, a tumor suppressor protein [25] . Little is known, however, about the role of Ese-2 in gene regulation. Under normal physiological conditions, Ese-2 and other members of the ESE subfamily are expressed solely in epithelial cells. Human Ese-2 and its mouse homolog, Elf5, have an amino acid identity of 95% [11] , and both have an expression pattern that is restricted to differentiated keratinocytes and glandular epithelium [6] . The ETS domain of Ese-2, which recognizes a 5'-GGAA-3' core EBS, is located at the C-terminus of the protein [6, 11] . Ese-2 also contains a PNT domain, which is located at the N-terminus. Although the PNT domain is distinct to other Ets factors, it represents a specific category within the SAM family of protein-binding domains. Many Ets factors require proteinprotein interactions [26, 27] , and some Ets proteins, such as Ets-1, Ets-2, Erg, Fli-1, GABPa, Tel, PntP2 and Yan, contain a PNT domain [28, 29] , which is involved in protein-protein interactions [29] .
Target genes of Ese-2 have also not been identified, however more than 200 genes have been identified as target genes for other Ets factors, one of which is the human cytokeratin 18 (K18). K18 is an intermediate filament expressed solely in differentiated epithelial cells. The first intron of K18, which contains multiple putative EBSs, three negative regulatory elements, and a strong enhancer, has been shown to play an important role in regulating expression of the gene [30] [31] [32] [33] . Other Ets factors, such as Ets-2, a member of the ETS subfamily, have been shown to interact with regions of the first intron of K18 cooperatively with cofactors such as AP-1 [32] . This interaction causes the upregulation of K18 gene expression. The expression pattern of K18 and the regulatory properties of the first intron make the K18 gene ideal for investigating the transcriptional regulatory capabilities of Ese-2.
The aim of this study was to gain information on the biological function of Ese-2. In particular, we aimed to investigate the interaction between Ese-2 and the intron of a target gene and to identify the effect of this interaction on gene expression. We show that Ese-2 upregulates K18 gene expression through specific interactions within EBSs in the regulatory first intron of the gene.
MATERIALS AND METHODS

Plasmid constructions
Ese-2 coding regions were isolated from the I.M.A.G.E. Consortium [LLNL] cDNA clone 3584025 [34] , BC012424, using PCR. The following primers were used in the PCR: Ese-2 Forward, 5'-CAGGATCCCCACCACTTGTCTTC-3' (BamHI site underlined), Ese-2 Reverse, 5'-GTATGTCGACCATCAGAGTTTCTCTTC-3' (SalI site underlined), Ese-2-ets Forward, 5'-ACGCGGATCC-AAAGACTATGC-3' (BamHI site underlined), and Ese-2-pnt Reverse, 5'-CGGTCGACATAGTCTTTGATGG-3' (SalI site underlined). Ese-2 Forward and Ese-2 Reverse were used to isolate the full length Ese-2 coding sequence, which was then cloned into pET28a (Novagen, Germany) to create the bacterial expression construct pET28a·Ese-2, and into pcDNA3 (Invitrogen, California) to create the mammalian expression construct pcDNA3·Ese-2. Ese-2 Reverse and Ese-2-ets Forward were used to isolate 369 bp of the 3'-end of Ese-2, encoding the ETS domain, which was then cloned into pET28a and pcDNA3 to create the plasmids pET28a·Ese-2-ets and pcDNA3 Ese-2-ets, respectively. Ese-2 Forward and Ese-2-pnt Reverse were used to isolate 435 bp of the 5'-end of Ese-2, encoding the PNT domain, which was then cloned into pET28a and pcDNA3 to create the expression constructs pET28a·Ese-2-pnt and pcDNA3·Ese-2-pnt, respectively.
Cell culture, transfection, and reporter gene assays
Monolayers of A549 lung carcinoma cells (ATCC CCL 185) were grown in Dulbecco's Modified Eagle Medium (Invitrogen, California) supplemented with 10% fetal bovine serum. Monolayers of IB3-1 lung cystic fibrosis cells (ATCC JHU-52) were grown in LHC-8 medium (Biofluids, Rockville, MD) supplemented with 5% fetal bovine serum. Cotransfections of partially confluent cells (50-80%) were carried out with 0.5 µg of secreted alkaline phosphatase (SEAP) reporter gene plasmid DNA (pK18EpiSEAP) [30] , 0.5 µg of expression vector DNA (pcDNA3, pcDNA3·Ese-2, pcDNA3·Ese-2-ets, or pcDNA3·Ese-2-pnt), and 6 µl of Lipofectamine TM Reagent (Invitrogen) per 1 ml of media. Each 1 ml of media was incubated with the cells for 24 h, and then replaced with new media. The new media was collected 24 h after the change and assayed for SEAP activity according to the protocol of the Phospha-Light TM Chemiluminescent Reporter Assay for Secreted Alkaline Phosphatase (Tropix, Bedford, MA).
Electrophoresis Mobility Shift Assays (EMSAs)
32 P-labelled large DNA fragments and double-stranded oligonucleotide probes were used in the binding reactions at 10,000 cpm. Binding reactions were performed in 10 mM Tris-HCl (pH 8.0), 50 mM NaCl, 1 mM EDTA, 10 µg BSA, 50 ng poly(dI-dC), 200 ng Herring testes carrier DNA, and 3 mM dithiothreitol. Probes and the indicated amounts of bacterial expressed and purified Ese-2, Ese-2-ets, and Ese-2-pnt proteins were added to the reactions and incubated at Fig. 1 Up-regulation of K18 by Ese-2. A549 and IB3-1 cells were co-transfected with a SEAP reporter construct and expression constructs Ese-2, Ese-2-ets, Ese-2-pnt, both Ese-2-ets and Ese-2-pnt, or the mammalian expression vector pcDNA3 (negative control). Transcription of SEAP was driven by the K18 minimal promoter with the K18 first intron inserted upstream of the SEAP gene. The Ese-2 construct was designed to express full length Ese-2. The Ese-2-ets construct was designed to express a protein containing the last 123 amino acids of Ese-2, which encodes the ETS domain. The Ese-2-pnt construct was designed to express a protein containing the first 145 amino acids of Ese-2, which encodes the PNT domain. Media was processed for SEAP assays and the results of 3 separate experiments, each done in triplicate, are shown as Mean ± SE. The negative control was arbitrarily assigned a value of 1, and all other data was normalized to this value. Bars represent SE. ANOVA was performed to establish statistical significance between means. Data with a significantly different mean is marked with a star (*), (P<0. 
RESULTS
Transcriptional regulation of K18 by Ese-2 in lung epithelial cells
A549 and IB3-1 cells were cotransfected with a SEAP reporter construct, pK18EpiSEAP, and either pcDNA3, pcDNA3·Ese-2, pcDNA3·Ese-2-ets, pcDNA3·Ese-2-pnt, or both pcDNA3·Ese-2-ets and pcDNA3·Ese-2-pnt, to determine the effect of Ese-2 on gene expression when interacting with the first intron of K18 (Fig. 1) . Both A549 and IB3-1 cells were human lung epithelial origin. We found that wild type Ese-2 was able to significantly upregulate the expression of K18 by approximately 2-fold, while the truncated versions of Ese-2, Ese-2-ets and Ese-2-pnt, resulted in levels of expression no different from those seen in the controls as determined by ANOVA.
Identifying the molecular interactions between Ese-2 and the large DNA fragments spanning the first intron of K18
The cotransfection experiments demonstrated that Ese-2 is able to interact with the first intron of K18 to upregulate gene expression. The next step in characterizing this interaction was to determine which regions of the first intron of K18 are bound by Ese-2. To test this, EMSAs were performed with full length Ese-2, purified under native conditions, and 4 large DNA fragments that collectively span the first intron of K18 (Fig. 2) . These fragments were used to narrow down the interacting region (s). We detected weak complex formation only when a large amount of Ese-2 (1 µg) was used in the EMSAs (Fig. 2) , suggesting that full length Ese-2 alone may not be able to efficiently bind DNA. From this experiment it cannot be determined with certainty whether interactions are occurring between Ese-2 and any of the large DNA fragments.
Investigating the DNA binding efficiency of Ese-2
EMSAs with full length Ese-2 and the E74 oligonucleotide were performed and we found that Ese-2 did not bind the probe (Fig. 3) . This E74 oligonucleotide contains the Drosophila E74 Ets binding site, and has previously been shown to bind to multiple Ets family members [36] . Since the PNT domain of Ese-2 has previously been sug- 
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gested to interfere with the DNA-binding abilities of the ETS domain [6] , we created two truncated versions of the protein to use in EMSAs: Ese-2-ets, which expresses only the ETS domain of Ese-2 (the protein product of pET28a·Ese-2-ets); and Ese-2-pnt, which expresses only the PNT domain of Ese-2 (the protein product of pET28a·Ese-2-pnt). We then performed EMSAs with Ese-2-ets and Ese-2-pnt and the E74 oligonucleotide (Fig. 3) . We found that Ese-2-pnt did not bind E74. Ese-2-ets, however, was able to bind the oligonucleotide quite strongly, and its binding ability was not deterred by the presence of the PNT domain protein, Ese-2-pnt, when acting in trans. We used Ese-2-ets for the remaining gel shift experiments.
Identifying a consensus recognition sequence of Ese-2 using DNA oligonucleotides containing the EBSs of K18 intron 1
Ese-2 has been described to bind to an EBS with a core of 5'-GGAA-3' [6, 11] . This implies that, for Ese-2, there are 18 possible EBSs within the first intron of K18 (Fig. 4) . To determine if Ese-2 is able to bind any of these putative EBSs we performed gel shift experiments with Ese-2-ets and the synthesized oligonucleotides (Tab. 1) containing one of each of the 18 possible EBSs as well as the sequence surrounding the EBSs. We found that Ese-2-ets
Note: Core recognition sequence in oligonucleotides A-R, listed in the order they appear in the first intron of K18 and oligonucleotide E74 are underlined; small font indicates bases that were introduced to avoid more than one core sequence in an oligonucleotide. (Fig. 4) . Ese-2-ets did not bind oligonucleotides B, C, L, M, O, P, or R, which shows that Ese-2-ets does bind DNA in a sequence specific manner. From these data, it can be determined that Ese-2-ets prefers the binding sequence 5'-(A/C)GGAA(A/G)(G/T)(A/G)NNC-3' (Fig. 5) .
DISCUSSION
K18 gene expression is actively regulated by the first intron of the gene [32, 33, 35] . There are multiple EBSs within the first intron, some of which have been shown to be involved in gene regulation [31] [32] [33] , and Ese-2 is one Ets factor for which these sites may be targets. To elucidate whether Ese-2 is able to regulate K18 gene expression through interaction with the first intron, cotransfection experiments, with A549 lung carcinoma cells and IB3-1 lung cystic fibrosis cells, and reporter gene assays were performed. The cells were cotransfected with a reporter/ target plasmid, pK18EpiSEAP, and an effector plasmid, either pcDNA3 (negative control), pcDNA3·Ese-2 (wild type Ese-2), pcDNA3·Ese-2-ets (Ese-2 ETS domain protein), pcDNA3·Ese-2-pnt (Ese-2 PNT domain protein), or pcDNA3·Ese-2-ets and pcDNA3·Ese-2-pnt together (Fig. 1) . The reporter/target plasmid is designed so that the expression of the reporter gene, SEAP, will be upregulated only if Ese-2 transactivates the promoter by binding the first intron of K18. Ese-2 up-regulated the expression of SEAP significantly compared to the control. The level of up-regulation may be underestimated in our experiment since low endogenous levels of Ese-2 expression could contribute to reporter up-regulation in the control (Fig. 1) . In contrast, the two truncated proteins, Ese-2-ets and Ese-2-pnt, resulted in levels of SEAP expression equal to the negative control level. This indicates that the ETS and PNT domains alone are not able to upregulate K18 gene expression. We also performed a cotransfection with both the truncated proteins to determine if they could act in trans to upregulate gene expression. When separated, the two domains could not upregulate expression, suggesting that Ese-2 function depends on the two domains being physically linked.
Gel shift experiments were performed to identify the site(s) of interaction between the first intron of K18 and Ese-2. Wild type Ese-2 was not able to bind any of the four large DNA fragments of the first intron of K18 (Fig. 2) . Oettgen et al [6] previously reported that wild type Ese-2 cannot efficiently bind DNA in vitro, and they suggest that this is due to interference by the PNT domain. We then tested the binding efficiency of wild type Ese-2 using the E74 DNA oligonucleotide (Fig. 3) . Truncated Ese-2 mutant proteins, Ese-2-ets (representing the Ets domain of Ese-2) and Ese-2-pnt (representing the PNT domain of Ese-2), were also used in this experiment. We found that the full length Ese-2 did not efficiently bind to the oligonucleotide, however the efficiency was greatly increased when only the ETS domain protein was used (Fig. 3) . It
Sequences not bound by Ese-2 (5' to 3') Sequences bound by Ese-2 (5' to 3')
Fig. 5
Determination of Ese-2-ets consensus target sequence. All sequences were tested in this study except for SPRR2A, PSP, and CRISP-1, which were tested in another study [10] . Sequences were analyzed to determine a putative consensus sequence recognized by Ese-2-ets. This sequence was determined to be 5'
was also determined that the PNT domain protein, Ese-2-pnt, did not interfere with the DNA binding ability of Ese-2-ets ( Fig. 3) when it was provided in trans. Ese-2-ets was used in gel shift experiments to identify which EBSs within the first intron of K18 were interacting with the protein as well as to determine a putative DNA consensus recognition sequence for Ese-2. Ese-2-ets was able to bind 11 of the possible 18 K18 intron 1 EBSs that were identified by their 5'-GGAA-3' core (Fig. 4) , a core region which has been shown to be preferable for Ese-2 binding [6, 11] . Ese-2-ets bound with the highest strength to oligonucleotides A, F, Q, and E74, intermediate strength to oligonucleotides E, G, K, and N, and bound weakly to oligonucleotides D, H, I, and J (Fig. 4) , and did not bind oligonucleotides B, C, L, M, O, P, or R, which shows that Ese-2-ets binds DNA in a sequence specific manner. The putative DNA recognition sequence for Ese-2-ets, 5'-(A/C)GGAA(A/G)(G/T)(A/G)NNC-3' (Fig. 5) can now be applied to identify putative Ese-2 target genes.
Collectively, the gel shift experiments and the cotransfection experiments suggest that other proteins must also affect the DNA-binding ability of Ese-2 in order to prevent the inhibition of DNA-binding. This has been previously suggested by Oettgen et al [6] and concurs with the data shown for most other Ets factors [27] . It was shown in the gel shift experiments that Ese-2 does not efficiently bind DNA sequences in the presence of the PNT domain, yet in the cotransfection experiments, it was shown that wild type Ese-2 was able to bind the first intron of K18 to upregulate gene expression (Fig. 1) . Therefore, in cultured cells, other proteins must aid the protein-DNA interaction by interacting with a region of Ese-2, most likely the PNT domain, to prevent it from interfering with the ETS domain and the DNA-binding ability of the protein.
On the basis of our results, we propose that Ese-2 upregulates the expression of K18 by interacting with EBSs located in the first intron of the gene. We suggest that for this to occur, Ese-2 forms a complex with one or more other proteins through the PNT domain to allow the ETS domain to interact with the target gene. Since Ese-2 is epithelium-specific and able to regulate an epitheliumspecific gene, K18, it may play a role, together with other factors, in epithelial differentiation during development or epithelial regeneration.
